Previous studies have shown that genetic factors might have an important role in blood pressure (BP) responses to dietary salt or potassium intake. The aim of this study was to assess the association of common genetic variants of the adiponectin gene with BP responses to controlled dietary sodium or potassium interventions. Subjects (n = 334) from 124 families in rural areas of Northern China were recruited. After a 3-day baseline observation, participants sequentially maintained a 7-day low-sodium diet (NaCl, 3 g per day; or sodium, 51.3 mmol per day), followed by a 7-day high-sodium diet (NaCl, 18 g per day; or sodium, 307.8 mmol per day) and a 7-day high-sodium plus potassium supplementation intervention (KCl, 4.5 g per day; or potassium, 60 mmol per day). A total of seven single nucleotide polymorphisms (SNPs) in the adiponectin gene were selected as the study sites. After adjustment for multiple testing, the adiponectin SNP rs16861205 was significantly associated with the diastolic BP (DBP) response to low-salt intervention, and the DBP and mean arterial pressure (MAP) responses to high-salt intervention (P = 0.028, 0.023 and 0.027, respectively). SNP rs822394 was associated with the DBP and MAP responses to low-salt intervention and the DBP response to high-salt intervention (P = 0.023, 0.030 and 0.033 respectively). Meanwhile, significant association also existed between SNP rs16861194 and the systolic BP response to potassium supplementation intervention (P = 0.026). In addition, SNP rs822394 was significantly associated with basal DBP after adjustment for multiple testing (P = 0.033). Our study indicated that the genetic polymorphisms in the adiponectin gene are significantly associated with BP responses to dietary sodium and potassium intake.
INTRODUCTION
Elevated blood pressure (BP) is the leading contributor to the global burden of cardiovascular disease and global mortality. 1 As a complex phenotype, hypertension is thought to result from a complex interaction of environmental and genetic factors. A large body of evidence has indicated that BP is positively correlated with dietary sodium intake but negatively associated with dietary potassium intake. 2, 3 However, BP responses to dietary sodium intake or potassium supplementation considerably vary among individuals. 4, 5 Epidemiological data suggest that genetic predisposition may have an important role in the phenomenon. 6, 7 Therefore, discovering novel genetic variants related to BP responses to dietary sodium or potassium intake would help us better understand the biological mechanisms of BP regulation, and might facilitate the development of targeted dietary interventions for hypertension.
Adiponectin (AdipoQ) is a collagen-like adipokine that is exclusively produced by white adipose tissue and circulates in relatively high serum concentrations (mg ml − 1 ). 8 The human AdipoQ gene (gene ID: 9370) located on chromosome 3q27 spans 16 kb and encodes an~30-kDa protein that is composed of 244 amino acids. 9 Recent researches demonstrated that the protein with insulin-sensitising anti-inflammation and anti-atherogenic properties have a protective role in several diseases such as type 2 diabetes, obesity and coronary artery disease. [10] [11] [12] Apart from the abovementioned functions, adiponectin is also involved in BP protection. Several cross-sectional and prospective studies have shown that hypoadiponectinaemia is an independent risk factor for hypertension and the increased risk of incident hypertension. [13] [14] [15] Otherwise, population-based intervention trials and animal studies have showed that plasma AdipoQ levels could be affected by changes in salt intake. 16, 17 Meanwhile, our previous study suggested that the disturbance of adiponectin expression may be involved in the pathogenesis of salt-sensitive hypertension. 18 Recently, the association between AdipoQ gene polymorphisms and hypertension was studied by several genetic investigations, but the results were inconsistent. 19, 20 Ong et al. 19 reported that the single nucleotide polymorphism (SNP) rs266729 of the adiponectin gene was significantly associated with hypertension and adiponectin levels in 1616 Hong Kong Chinese. However, the meta-analysis by Zhao et al. 20 did not detect a significant association of this SNP with BP. The conflicting results may be attributed to ethnic differences, environmental factors and study power. However, a few of them have fully considered geneenvironment interactions on BP, particularly with regard to dietary sodium or potassium intake. Failure to measure the geneenvironment interactions may lead to the inability to fully discover the genetic contribution to BP variability. Therefore, our study aimed to assess the association between common variants in the 1 adiponectin gene and BP responses to controlled dietary sodium or potassium intervention.
SUBJECTS AND METHODS Subjects
In northern China, potential probands were determined by communitybased BP screening among individuals aged 18-60 years old in the selected villages. Persons who had a mean systolic BP (SBP) between 130 and 160 mm Hg and/or a diastolic BP (DBP) between 85 and 100 mm Hg, and no use of antihypertensive medications were identified as the proband. Probands and their siblings, spouses and offspring were recruited for the dietary intervention study. All of them were Han ethnic. The exclusion criteria were having secondary hypertension, stage 2 hypertension, a history of clinical cardiovascular disease or diabetes, used antihypertensive medications, and being pregnant, heavy alcohol drinkers, currently on a low-sodium diet or unable to sign the informed consent form. A total of 334 subjects underwent the dietary intervention trial and were included in the current analysis.
The Institutional Ethics Committee of Xi'an Jiaotong University Medical School approved the study protocol, and written informed consent for the baseline observation and for the intervention programme was obtained from each participant. All of the procedures were performed in accordance with institutional guidelines.
Dietary intervention
The dietary intervention programme was performed among all participants except for the parents of each proband. As described in a previous study, this programme consisted of a 3-day baseline examination during which a questionnaire survey and measurements of BP, height, weight and blood biochemical parameters were conducted, a 7-day low-salt diet (3 g of NaCl or 51.3 mmol of sodium per day), a 7-day high-salt diet (18 g of NaCl or 307.8 mmol of sodium per day) followed by a 7-day high-salt diet plus potassium supplementation (4.5 g of KCl or 60 mmol of potassium per day). All foods were cooked without salt, and prepackaged salt was added to the individual participant's meal when it was served by the study staff. During the entire study period, other dietary nutrient intake remained unchanged. To ensure participants' compliance to the intervention programme, they were required to have their three meals (breakfast, lunch and dinner) in the study kitchen. The participants were also given detailed instructions to avoid consuming any other foods that were not provided by the study. 21 Determination of 24-h urinary sodium and potassium excretions To assess the compliance of subjects to this dietary intervention, one 24-h urinary specimen was collected at baseline and at the end of each intervention period. The concentrations of sodium and potassium in the urine sample were measured with a flame photometer. The content of 24-h urinary sodium or potassium ions of each subject was calculated as the concentration of urinary sodium or potassium multiplied by the 24-h urine volume of each individual.
BP measurements and definition of BP response to dietary intervention
For each subject, three BP measurements were obtained using a randomzero sphygmomanometer (Hawksley & Sons Ltd., Lancing, UK) at each morning of the 3-day baseline examination, as well as on days 5, 6 and 7 of each dietary period. BP was measured by trained and certified observers according to a common protocol. 22 All observers were blinded to the dietary intervention. Study participants were required to avoid cigarette smoking, alcohol, coffee/tea and strenuous exercise for at least 30 min before their BP measurement. BP measurement was taken in a sitting position after a 5-min rest. The first and fifth phases of the Korotkoff sounds were taken as SBP and DBP, respectively. Three BP measurements each day were performed with an interval of 1-min, and the mean values of nine BP measurements during the baseline survey and each intervention period were recorded as the BP levels at baseline and each intervention period, respectively. In addition, MAP was calculated according to the following formula: MAP = DBP+1/3(SBP − DBP). In the present study, BP responses were considered as continuous variables and calculated as follows: BP response to low sodium = BP on low-sodium diet minus BP at baseline; BP response to high sodium = BP on high-salt diet minus BP on low-salt diet; and BP response to potassium supplementation = BP on high-salt diet with potassium supplementation minus BP on high-salt diet.
Adiponectin SNP selection and genotyping
We selected seven tagSNPs from the adiponectin gene as the study sites; each SNP had a minor allele frequency of more than 5% in the Chinese Han of the Beijing HapMap databank (www.hapmap.org/). Genomic DNA was extracted from whole-blood specimen drawn from each participant using the GOLDMAG Whole Blood Genomic DNA Purification Kit (Golden Magnetic Nano-Biotechnology Co., Ltd. Xi'an, China). PCR primers and single-base extension primers required for SNP genotyping were designed by MassARRAY Assay Design software (version 3.0; Sequenom, San Diego, CA, USA) and synthesised by Shanghai Biological Technology Co., Ltd. (http://www.sangon.com/). The genotyping experiments were performed by Xi'an BaiMei genetic testing centre (http://www.lifegen.com/) with a MassARRAY system based on the matrix-assisted laser desorption ionisation time-of-flight mass spectrometry, according to the manufacturer's instructions. Genotype calling was performed in real-time with the MassARRAY RT software (version 3.1) and analysed with the MassARRAY Typer software version 4.0 (Sequenom).
Statistical analysis
Continuous data are presented as mean ± s.e. Categorical data are expressed as frequency with percentage. Differences in the repeated measures were analysed by a paired samples t-test. The Mendelian consistency of the SNP genotype data was assessed with PLINK. 23 Haploview software (Broad Institute, Cambridge, MA, USA) was used to test Hardy-Weinberg equilibrium on parental SNP data and estimate the extent of pairwise linkage disequilibrium (LD) between SNPs. LD blocks were defined by the solid spine LD method implemented in Haploview software. 24 The association of single markers with adjusted phenotypes was performed using the family-based association test, and three genetic models (additive, dominant and recessive) were assumed for each SNP analysis. 25 To assess the effect of genetic variants on the trait value, a univariate family-based association test was performed for each allele. This test provides a Z-statistic with its corresponding P-value. In the present study, a positive Z-statistic for an allele or a haplotype indicates a decreased response to the low-sodium intervention and the high-sodium plus potassium supplementation intervention, as well as an increased response to high-sodium intervention and an increase in the basal BP. The false discovery rate method was used to correct for multiple testing. 26 A P-value of 0.05 was used as the threshold for statistical significance in our study.
RESULTS

Baseline characteristics and BP responses to dietary intervention
According to the inclusion criteria, a total of 515 subjects from 124 pedigrees were recruited in our study. Baseline characteristics and BP responses to low-sodium, high-sodium and high-sodium plus potassium supplementation intervention among study participants are shown in Table 1 . The mean levels of baseline SBP, DBP and MAP in the proband group were higher than that in the sibling, spouse and offspring groups, whereas the baseline SBP level of the parent group was the highest among all of the groups. Overall, BP levels were, respectively, reduced and increased in response to the low-sodium and high-sodium intervention, and BP levels were again reduced in response to the high-sodium plus potassium supplementation intervention.
Influence of dietary intervention on 24-h urinary sodium and potassium excretions The influence of dietary intervention on 24-h urinary sodium and potassium excretion is shown in Table 2 . To evaluate the subjects' compliance to the dietary intervention programme, the 24-h urinary sodium and potassium excretion values of each subject were calculated at the end of each dietary intervention period. Overall, the 24-h urinary sodium and potassium excretions at baseline indicated that the diet of the subjects featured high salt and insufficient potassium intake. Compared with the baseline values, urinary excretion of sodium significantly decreased during low-salt intervention but increased during high-salt intervention. In addition, potassium supplementation can not only increase urinary potassium excretion but also slightly promote urinary sodium excretion. The results indicated excellent compliance with the dietary intervention.
The information on genotyped SNPs of AdipoQ Seven tagging SNPs were selected in AdipoQ: rs16861194; rs182052; rs16861205; rs822394; rs12495941; rs2241767; and rs2082940. The genomic position, minor allele frequency and Hardy-Weinberg equilibrium test for each SNP are shown in Table 3 . None of the alleles significantly deviated from Hardy- 
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Weinberg equilibrium (P40.05), except for rs2082940, which was excluded in the subsequent analysis.
AdipoQ and BP responses to dietary intervention as well as basal BP The associations of AdipoQ SNPs with the BP response to dietary intervention after correcting for multiple testing (false discovery rate o0.05) are listed in Table 4 . Concretely speaking, SNP rs16861205 was significantly associated with the DBP response to low-salt intervention and the DBP and MAP responses to high-salt intervention (P = 0.028, 0.023 and 0.027, respectively). SNP rs822394 was associated with the DBP and MAP responses to low-salt intervention and the DBP responses to high-salt intervention (P = 0.023, 0.030 and 0.033, respectively). In addition, a significant association was found between SNP rs16861194 and the SBP response to potassium supplementation intervention (P = 0.026). Furthermore, two haplotype blocks of these SNPs were constructed with Haploview software. However, further analysis revealed that none of the AdipoQ haplotypes were associated with BP responses to dietary intervention ( Figure 1 and Table 5 ). In addition, we analysed the association of six SNPs in AdipoQ with the basal BP. As shown in Table 6 , SNP rs822394 was significantly associated with basal DBP after adjustment for multiple testing (P = 0.033). Similarly, haplotype analysis showed that no statistical associations exist between haplotypes of AdipoQ and basal BP (Table 7) .
DISCUSSION
In the present study, several common variants in the AdipoQ gene were associated with the BP response to dietary intervention and basal BP. SNP rs16861205 was significantly associated with the DBP response to low-salt intervention and the DBP and MAP responses to high-salt intervention. SNP rs822394 was associated with the DBP and MAP responses to low-salt intervention and the DBP response to high-salt intervention. Meanwhile, a significant association also existed between SNP rs16861194 and SBP response to potassium supplementation intervention. In addition, SNP rs822394 was significantly associated with basal DBP. These SNPs might be used as genetic markers to promote the screening of individuals who are sensitive to dietary salt or potassium intake and may provide potential genetic targets for the treatment of hypertension.
It is currently accepted that adiponectin is biologically involved in the pathophysiology of hypertension. Animal studies have shown that adiponectin knockout mice developed hypertension compared with wild mice after a 3-week high-salt diet, whereas adenovirus-mediated adiponectin replenishment could significantly reduce the SBP of genetically hypertensive obese KKAy mice. 27 A meta-analysis of 17 598 adults from 43 non-prospective Adiponectin and BP responses to dietary interventions C Chu et al studies and 5 prospective studies concluded that the adiponectin level in hypertensive adults was 1.64 μg ml − 1 lower than in normotensive adults, and the risk of hypertension was reduced by 6% per 1 μg ml − 1 increase in plasma adiponectin levels. 15 However, whether adiponectin may also genetically affect hypertension is still inconclusive. 19, 20 In our study, the associations between adiponectin gene polymorphisms and basal BP were explored in the Chinese Han population. The SNP rs822394 in intron 1 of the gene was significantly associated with basal DBP. Two other SNPs (rs182052 and rs12495941) were also detected in this study, but none was associated with BP, which is in line with the findings in the Hong Kong population. 19 These results further confirmed that the adiponectin gene might be mechanistically involved in BP regulation. To date, functional studies on SNP rs822394 have not been reported. The Chennai Urban Rural Epidemiological study (CURES) noted that SNPs rs822393 and rs822396 are both located at the first intron of the human adiponectin gene and associated with hypoadiponectinaemia. 28 This intron of the human adiponectin gene contains a 34-bp intronic enhancer, which regulates the expression of the adiponectin gene. 29 Thus, we speculated that the adjacent variant rs822394 could probably regulate gene expression. However, this locus may not be causal but will still be in high LD with the true causal SNPs, which need to be clarified by further study.
Adiponectin gene polymorphisms are involved in BP regulation and may contribute to the salt sensitivity of BP. Available evidence indicated that adiponectin levels were regulated by salt intake. 16, 17, 30 Kamari et al. 17 explored the effect of salt intake on plasma adiponectin levels in male Sprague-Dawley rats on 3% high-salt diet for 5 weeks, and found that salt loading increased adiponectin levels independent of BP elevation. Lely et al. 16 reported that the concentrations of plasma adiponectin significantly decreased in 35 healthy male subjects maintained on a 7-day low-salt dietary intervention. Another animal study demonstrated that the expression of adiponectin in heart and adipose tissues increased in obese and diabetic db/db mice subjected to a long-term low-salt diet (0.03%, NaCl). 30 In addition, our previous study demonstrated that plasma adiponectin levels were significantly increased from the low-sodium to high-sodium diet in normotensive salt-resistant individuals, but not in salt-sensitive individuals, thereby suggesting that the disturbance of adiponectin may be involved in the pathogenesis of salt-sensitive of BP. 18 However, the effect of common variants of the adiponectin gene on BP responses to dietary salt intake has not been studied. Our study is the first to explore the association of adiponectin gene polymorphisms with BP responses to dietary salt intake in a Chinese Han population. In the present study, SNPs rs822394 and rs16861205 were significantly associated with BP responses to low-salt and high-salt intervention. The results provided evidence to support the hypothesis that adiponectin genetic variations are involved in the development of salt-sensitive hypertension. To our knowledge, similar to SNP rs822394, rs16861205 is also located at the intron 1 region. This locus was associated with multiple pathophysiological processes, such as the baseline body weight, change of serum adiponectin levels and gastric cancer; however, the exact mechanism of this locus is unknown. 31, 32 Further functional studies on this locus are warranted.
In contrast with the dietary salt, dietary potassium supplementation is inversely correlated with the BP level. Dietary intervention studies indicated that the BP response to potassium intake is heterogeneous among individuals; BP may be sensitive to potassium. 5 Previous studies suggested that common variations in several genes contribute to BP potassium sensitivity. He and colleagues 6, 33 reported that BP response to dietary potassium supplementation was significantly associated with common variants of several genes, such as angiotensin II type 1 receptor, endothelin 1 and E selectin. To date, the relationship between the potassium sensitivity of BP and adiponectin has not been studied. This work is the first to explore the association of adiponectin gene polymorphisms with BP response to dietary potassium supplementation. SNP rs16861194 is associated with SBP response to potassium supplementation, which suggests that the genetic variation of the adiponectin gene may contribute to the development of BP potassium sensitivity. SNP rs16861194 is located in the promoter region of the adiponectin gene. The influence of this locus on gene promoter activity was investigated by Laumen et al. 34 Functional studies showed that the adiponectin promoter activity and DNA-binding activity were significantly impaired during adipocyte differentiation, when the minor allele of rs16861194 was present. Their group further analysed the association of rs16861194 with circulating adiponectin levels in the MONICA/KORA S123 cohort (1692 German participants) and the KORA S4 cohort (696 participants); subjects carrying the minor allele of SNP rs16861194 showed lower circulating adiponectin levels in both cohorts. Given the consistency of potassium and adiponectin in the protection of BP, we hypothesised that potassium supplementation may reduce BP by increasing adiponectin gene transcription and protein expression, while SNP rs16861194 has a regulatory role in this process, which needs to be validated by further studies.
This study has several advantages. First, our study was based on family pedigree and conducted in a Chinese Han population; the bias caused by population stratification is unlikely. Second, participants who came from a homogenous environment have basically the same lifestyle and eating habits. Moreover, the dietary intake of sodium and potassium is strictly controlled in our study; the confounding genetic associations caused by Adiponectin and BP responses to dietary interventions C Chu et al intra-individual (day-to-day) and inter-individual variations in dietary sodium and potassium intake are reduced. Finally, the 24-h urinary sodium and potassium excretions in each stage indicated excellent compliance with the dietary intervention. However, this study was only carried out in a Chinese Han population; the findings may not be generalisable to other populations. Therefore, large-sample and multicentre studies are necessary to validate the abovementioned results. Furthermore, the causal polymorphic loci and their functions should be identified. In addition, the circulating adiponectin level was not measured in our study. The relationship between the adiponectin genotype and the adiponectin levels could not be determined.
In conclusion, several genetic variations in the adiponectin gene were associated with BP responses to dietary sodium and potassium intake in the studied Chinese population. The novel findings suggested that the adiponectin gene may contribute to the development of salt sensitivity and potassium sensitivity of BP.
What is known about topic?
• Essential hypertension is thought to result from a complex interaction of environmental and genetic factors.
• The disturbed adiponectin expression contributes to BP regulation and may be involved in the pathogenesis of salt-sensitive hypertension.
• Data on whether adiponectin may genetically affect hypertension are inconclusive.
What this study adds?
• Adiponectin gene polymorphism is significantly associated with basal BP in a Chinese Han population. • Significant associations of several genetic variations in the adiponectin gene with BP response to dietary sodium and potassium intake in the population are reported.
